Spinal motor neurons are specified to innervate different muscle targets through combinatorial programs of transcription factor expression. Whether transcriptional programs also establish finer aspects of motor neuron subtype identity, notably the prominent functional distinction between alpha and gamma motor neurons, remains unclear. In this study, we identify DNA binding proteins with complementary expression profiles in alpha and gamma motor neurons, providing evidence for molecular distinctions in these two motor neuron subtypes. The transcription factor Err3 is expressed at high levels in gamma but not alpha motor neurons, whereas the neuronal DNA binding protein NeuN marks alpha but not gamma motor neurons. Signals from muscle spindles are needed to support the differentiation of Err3 on /NeuN off presumptive gamma motor neurons, whereas direct proprioceptive sensory input to a motor neuron pool is apparently dispensable. Together, these findings provide evidence that transcriptional programs define functionally distinct motor neuron subpopulations, even within anatomically defined motor pools.
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motor neuron ͉ spinal cord ͉ transcription factors N euronal diversity underlies many features of central nervous system (CNS) organization and function. Neurons located within different regions of the CNS typically exhibit distinct morphologies and patterns of connectivity that help to determine their physiological functions. Within a single region, neurons that serve closely related functions can be further subdivided, both anatomically and physiologically. The retina, for example, contains multiple subclasses of ganglion and amacrine neurons that are distinguishable by position, patterns of dendritic arborization, and their role in visual processing (1, 2) . Similarly, the cerebral cortex contains many local circuit interneurons, each with specialized anatomy, circuitry, and physiology (3) . Little is known, however, about how such fine distinctions in CNS neuronal subtype identity and connectivity are assigned.
The spinal cord represents a region of the CNS where the diversity of neuronal subtypes has been shown to emerge as a consequence of the expression of intrinsic molecular determinants, acting in a hierarchical manner to assign subtype identities to a generic set of motor neurons (4, 5) . The motor neurons that project to skeletal muscle targets can be subdivided into distinct columnar subgroups, each projecting to a different target domain-axial, body wall, and limb targets. The lateral motor column (LMC) neurons that project their axons to limb muscles can be further subdivided into divisional and pool subclasses that, together, specify the pattern of target muscle connectivity (4, 5) . The sequential steps involved in controlling motor neuron subtype identities and target projections are programmed through the cell-type selectivity of transcription factor expression, notably members of the Hox, LIM, Nkx6, and ETS families (6) (7) (8) (9) (10) . Thus combinatorial programs of transcription factor expression appear to provide the fundamental logic of spinal motor neuron diversification and connectivity to specific peripheral muscle targets.
Yet neurons within a single motor pool also exhibit further subtype distinctions. Most motor pools are composed of a mixture of fast and slow motor neurons (11)-two classes that exhibit distinct profiles of activation, produce different degrees of force during the process of muscle contraction (11) , and show distinct vulnerabilities in motor neuron disease (12) . Arguably the most prominent distinction between neurons within a motor pool, however, is the presence of alpha and gamma motor neurons. Alpha and gamma motor neurons differ in morphology, as well as in their peripheral and central patterns of connectivity (11) . Alpha motor neurons predominate within motor pools and innervate force-generating extrafusal muscle fibers at neuromuscular junctions (13) . Gamma motor neurons constitute approximately one third of all motor neurons within a pool and innervate the intrafusal muscle fibers found in muscle spindles, where they modulate the sensitivity of muscle spindles to stretch (13) (14) (15) (16) . Gamma and alpha motor neurons also differ profoundly with respect to their soma size and connectivity profile within the spinal cord. Alpha motor neurons have large cell bodies, and most receive direct group Ia-derived proprioceptive sensory input (17) , whereas gamma motor neurons have small cell bodies (13) and lack direct input from proprioceptive sensory afferents (18) . Because almost every motor neuron pool includes gamma and alpha motor neurons, subtype diversification at this intrapool level is conceptually different from the broad targetbased distinctions that correlate with motor neuron pools.
The fundamental distinctions in alpha and gamma motor neuron connectivity and function pose the question of how this finer, intrapool, aspect of motor neuron specification is programmed. Can the principle of transcriptional specification of motor neuron subtype be extended to the distinction between gamma and alpha motor neurons, features that are independent of the identity of the target muscle group? If so, do gamma and alpha motor neurons each possess defining molecular markers, or do gamma motor neurons simply lack certain of the genes that define alpha motor neuron identity, and vice versa? How do gamma and alpha motor neurons acquire their diverse anatom-ical and functional properties-through cell-intrinsic programs, through the influence of peripheral signals, or by virtue of their central connectivity? Intriguingly, the muscle fiber targets of gamma and alpha motor neurons can be distinguished by transcription factor expression; the zinc-finger transcription factor Egr3 and the ETS transcription factors Pea3 and Er81 are expressed selectively by intrafusal muscle fibers (19) (20) (21) . Defining molecular markers that distinguish gamma and alpha motor neurons would provide a first step in addressing the developmental specification of intrapool motor neuron subtypes.
In this study, we set out to determine whether gamma and alpha motor neurons in the spinal cord of the mouse are distinguishable on the basis of their profile of expression of transcription factors and other molecular markers. We uncovered two genes with complementary expression profiles in gamma and alpha motor neurons. Gamma motor neurons express high levels of the orphan nuclear hormone receptor Err3 (22, 23) and lack expression of neuronal DNA binding protein NeuN (24) . Conversely, alpha motor neurons are characterized by low or negligible levels of Err3 and high-level NeuN expression. Mice deficient in muscle spindle differentiation exhibit a selective absence of Err3 on /NeuN off presumptive gamma motor neurons. These findings establish that gamma and alpha motor neurons are molecularly distinct, and extend the principle that spinal motor neuron subtype identity has its origins in hierarchical programs of transcription factor expression, even within a single anatomically coherent motor pool.
Results

Anatomical Identification of Presumptive Gamma and Alpha Motor
Neurons. Within the mammalian spinal cord, gamma and alpha motor neurons can be distinguished by two main anatomical features. First, the cell bodies of gamma motor neurons are significantly smaller than those of alpha motor neurons (11, 13) . Second, alpha but not gamma motor neurons receive direct synaptic input from proprioceptive sensory afferents (18) . To distinguish gamma from alpha motor neurons in spinal cord of the mouse, we analyzed the size of lumbar motor neurons as well as the status of proprioceptive sensory input. We visualized motor neuron cell bodies and proximal dendrites by expression of choline acetyltransferase (ChAT), the rate-limiting enzyme in acetylcholine synthesis. We identified synaptic contacts between proprioceptive terminals and motor neurons by monitoring expression of the vesicular glutamate transporter vGlut1, a selective marker of sensory terminals (25, 26) .
We determined the size distribution of motor neuron cell bodies in the lumbar spinal cord of p21 wild-type mice (n Ͼ 800 neurons; largest cross-sectional area), a stage when proprioceptive terminals approach their mature size. The sizes of ChAT on motor neuron somata segregated into two normally distributed populations, with an optimal threshold between the two cell populations at 360 m 2 (Fig. 1A) . The small neuronal population (n ϭ 260/840; 31% of total number of motor neurons) exhibited a mean cross-sectional area of 232.4 Ϯ 50 m 2 (SD), whereas the large neuronal population (n ϭ 580/840; 69% of total) had a mean cross-sectional area of 776.6 Ϯ 180 m 2 (SD) (Fig. 1 A) . This distinction in cell size was already evident at p14, with small We next determined the frequency of vGlut on inputs to motor neurons within these two size populations. We reconstructed proprioceptive inputs to motor neurons in p21 spinal cord using high-resolution light microscopy to determine apposition of vGlut on terminals to ChAT on motor neuron cell bodies and the proximal dendritic domain. We found that the small ChAT on motor neuron population was contacted by very few vGlut1 on terminals (mean Ϯ SEM, 0.4 Ϯ 0.3/neuron; n ϭ 10), whereas large ChAT on motor neurons were contacted by 18.5 Ϯ 2.3 (n ϭ 10) vGlut1 on terminals (Fig. 1B-F ). Based on these findings and prior analyses in other species, we infer that the small, sensorysparse neurons are gamma motor neurons and that the large, sensory-supplied neurons are alpha motor neurons.
Molecular Markers of Presumptive Gamma and Alpha Motor Neurons.
To define molecular markers expressed differentially by gamma and alpha motor neurons, we reasoned that the commonality of expression of transcription factors and cell surface molecules by proprioceptive sensory neurons and motor neuron pools (27, 28) might extend to subsets of motor neurons within pools. We therefore probed proprioceptor-enriched genes identified in an Affymetrix-based screen for expression by ChAT on LMC motor neurons in p14 spinal cord. This analysis revealed that expression of the orphan nuclear hormone receptor Err3 was restricted to a population of motor neurons scattered throughout the ChAT on motor neuron cohort, along the entire rostro-caudal extent of the spinal cord ( Fig. 2 A  and B ). Quantitative analysis of nuclear Err3 protein expression intensity in lumbar ChAT on motor neurons at p14 revealed two distinct peaks in the frequency histogram (Fig. 2C ). Neurons with low or negligible level Err3 expression (mean Ϯ SEM, 18 Ϯ 1 arbitrary fluorescent intensity units [afiu], ImageJ) corresponded to large ChAT on motor neurons, whereas high level Err3 expression (222 Ϯ 1 afiu) was confined to small ChAT on motor neurons (Fig. 2C) . The restriction of Err3 expression to small motor neurons occurred gradually over the first 2 postnatal weeks, and was maintained into adulthood (Fig. S2) . However, in the early postnatal stages Err3 was expressed by a majority of motor neurons, both small and large (Fig. S3) . Together, these findings show that small putative gamma motor neurons express high levels of Err3, whereas large putative alpha motor neurons exhibit low or negligible Err3 expression.
To probe whether Err3 protein was restricted to neurons in the ventral spinal cord, we correlated the expression of Err3 with that of NeuN, a widely used marker for most mammalian PNS and CNS neurons (24) . mice expressed LacZ at similar levels (Fig. 3A) . Another defining feature of spinal motor neurons is the projection of axons peripherally, to innervate target muscles. We therefore examined whether Err3 on /NeuN off cholinergic neurons give rise to axons that project into the ventral root, by application of fluorescently labeled dextran (f-dex) to cut lumbar ventral roots of p16 mice. We found that all labeled cells were cholinergic, and that both Err3 off /NeuN on and Err3 on /NeuN off neuronal populations accumulated retrograde f-dex label (Fig. 3B) . These findings show that despite their NeuN off status, these neurons project axons into the periphery, adding another example of a neuronal subpopulation devoid of NeuN expression (24, 31) . Together with their transcriptional profile, these findings indicate that cholinergic Err3 on /NeuN off cells are motor neurons.
Complementary Expression of Err3 and NeuN in Gamma and Alpha
Motor Neurons. The observation that ChAT on motor neurons with high Err3 expression levels were associated with low NeuN expression prompted us to examine in greater detail the profile of motor neuron NeuN expression and its relationship to Err3. A combined analysis of Err3 and NeuN intensity in ChAT on motor neurons showed a tight inverse relationship between the two marked populations (Fig. 2 A) 
Quantitative Analysis of Putative Gamma Motor Neurons by Molecular
Markers. We next analyzed the distribution and frequency of molecularly defined putative gamma motor neurons along the rostro-caudal extent of the spinal cord. Err3 on /NeuN off cholinergic neurons comprised Ϸ30% of all motor neurons analyzed (n ϭ 349/1172 lumbar LMC motor neurons) and were found to be scattered throughout the rostro-caudal extent of the spinal cord. In addition, we characterized the representation of gamma motor neurons within a group of motor neurons that innervates the quadriceps muscles of the hindlimb. Because f-dex labels only a subset of motor neurons that innervate the injected muscle, we used a nerve lesion paradigm to obtain a more accurate assessment of the number of putative gamma motor neurons within the quadriceps pool. We cut the nerve innervating the quadriceps muscles in p20 mice and assessed the number and molecular status of quadriceps motor neurons 3 days after lesion, by virtue of expression of ATF3, a transcription factor that is rapidly upregulated in the nuclei of motor neurons after nerve damage (32) . We found that both NeuN on and NeuN off quadriceps motor neurons upregulate ATF3 robustly (Fig. 3C) . Quantitative analysis revealed that approximately 70% of all ATF3 on quadriceps motor neurons coexpressed NeuN, whereas Ϸ30% showed low or negligible NeuN expression (Fig. 3C) . These values are in agreement with previous studies assessing the identity of putative gamma motor neurons based on cell size criteria in mice, which have estimated 20-30% of all motor neurons to be gamma motor neurons (11, 13) . We conclude that both distribution and frequency of small Err3 on /NeuN off motor neurons matches the profile expected for gamma motor neurons.
Loss of Muscle Spindles Leads to Absence of Putative Gamma Motor
Neurons. The identification of putative gamma motor neurons by molecular markers permitted us to begin to explore the mechanisms that control their specification. Muscle spindle differentiation and maturation is initiated by an inductive signal supplied anterogradely by group Ia proprioceptive afferents to nascent muscle fibers (21, 33) . In turn, gamma motor neurons depend on trophic support from intrafusal fibers in muscle spindles (34, 35) . We therefore reasoned that if Err3 on /NeuN off status defines gamma motor neurons, then expression of these markers should be lost in the absence of muscle spindles. To test this prediction, we used genetic methods to block muscle spindle formation in mice and examined the status of Err3 and NeuN expression by LMC motor neurons.
To prevent spindle differentiation we eliminated proprioceptive sensory afferents, the source of the spindle-inducing factor Nrg1 (21), using an established, diphtheria toxin-mediated cell ablation strategy (PV Cre Isl2 DTA ) (26) . PV Cre Isl2 DTA mice exhibit a virtually complete absence of proprioceptive input to the spinal cord (26) (Fig. 4A) as well as an absence of vGlut1 on proprioceptive sensory endings in hindlimb muscles analyzed at p10-p14 (Fig. S4) . In addition, we found a complete absence of muscle spindles, as assessed by loss of expression of Pea3 and Egr3 (Fig.  S4) , two transcription factors normally expressed selectively by intrafusal muscle fibers (19, 21) .
To determine the effect of loss of muscle spindles on spinal motor neurons, we first analyzed the cell size distribution profile in p14 wild-type and PV Cre Isl2 DTA mice. Whereas ChAT on motor neurons in wild-type mice segregated into two separate populations (Fig. 1 A) Quantitative analysis of cell body size range, Err3 and NeuN intensity (arbitrary fluorescent intensity units, using ImageJ measurements) for p14 lumbar LMC motor neurons analyzed in wild-type (top) and PV Cre Isl2 DTA (bottom) mice. Red stars indicate differences from wild-type. Note that the average cell size of motor neurons in PV Cre Isl2 DTA mice is smaller than alpha motor neuron peak in wild-type mice, most likely because of the absence of proprioceptive input.
(mean Ϯ SD, 552.8 Ϯ 137 m 2 ; n ϭ 840 neurons) which overlapped with the larger population in wild-type animals. The absence of the small motor neuron population was accompanied by a 98% decrease in the number of Err3 on /NeuN off putative gamma motor neurons in the ventral horn of PV Cre Isl2 DTA mice, compared with wild-type littermates ( Fig. 4A and B ; n ϭ 17/840 LMC motor neurons analyzed). In contrast, the number of cholinergic Err3 off /NeuN on presumptive alpha motor neurons appeared unchanged in PV Cre Isl2 DTA mice ( Fig. 4A and B) . Thus, the absence of Err3 expression is likely to reflect the death of this subset of motor neurons subset rather than their conversion to alpha motor neurons.
We next considered whether the loss of proprioceptive afferent inputs to the spinal cord in PV Cre Isl2 DTA mice might contribute to the absence of Err3 on /NeuN off gamma motor neurons. To assess this, we analyzed the Err3/NeuN status of motor neurons innervating the cutaneous maximus (Cm) muscle. The Cm muscle contains muscle spindles supplied by group Ia proprioceptive afferents, yet Cm motor neurons fail to receive direct proprioceptive input (26, 36) . We therefore analyzed the Err3 on /NeuN off status of the ventral-most ChAT on motor neurons at cervical level c8 in wild-type mice, the location of most Cm motor neuron cell bodies (26, 36) . Despite the absence of vGlut1 on terminal contacts with Cm motor neurons ( Fig. 5A ) (36), we found that Err3 on /NeuN off cells were present (constituting Ϸ10-20% of all Cm motor neurons) (Fig. 5A ). These results demonstrate that the establishment of proprioceptive inputs to the neurons within a motor pool is not required to direct the core molecular distinction between gamma and alpha motor neurons.
Discussion
We have found that gamma and alpha motor neurons can be distinguished molecularly, and that this distinction has its basis in complementary profiles of expression of DNA binding proteins (Fig. 5B) . The principle that spinal motor neurons can be fractionated into functionally distinct subtypes on the basis of their profile of transcription factors therefore extends to neuronal subtypes within single motor neuron pools.
Our studies establish a molecular distinction between gamma and alpha motor neurons, but do not resolve how these two neuronal subtypes acquire their specialized molecular features. The restriction of Err3 expression to gamma motor neurons becomes apparent during the first 2 postnatal weeks (Fig. S3) . The specification of gamma, and by inference, alpha motor neuron identity may therefore be a late event that occurs long after motor pool identities have been established (6, 8, 10, 27) . Motor neuron pool identities are initiated by the actions of a complex Hox protein repressor network, such that specific pool fates depend critically on the precise spectrum of Hox proteins expressed by a set of motor neurons (6) . The distinction between gamma and alpha motor neurons, however, is a conserved feature of all motor pools, transcending individual pool identities, suggesting that the assignment of this finer aspect of motor neuron subtype identity is achieved in a Hoxindependent manner.
The restriction of Err3 expression to gamma motor neurons occurs over the period that functional sensory-motor circuits are established, raising the possibility that the gamma/alpha distinction is influenced by the peripheral or central connections of motor neurons. Could the gamma/alpha distinction be programmed by the peripheral muscle targets of motor neurons? In this view, an initially coherent pool of motor neurons may send axons to their cognate muscle target, with those axons that contact intrafusal fibers in muscle spindles exposed to spindlederived gamma inductive signals. Because motor neuron-spindle contacts are established at embryonic stages (37), yet Err3 restriction occurs postnatally, motor neurons may be programmed to a gamma fate only gradually, over the course of days. Muscle spindle-derived signals could, for example, act to maintain Err3 expression in the face of a temporal program that directs the downregulation of Err3 expression in motor neurons.
A role for muscle spindle-derived signals in the development of gamma motor neurons has already been suggested. The neurotrophic factor glial derived neurotrophic factor (GDNF) is expressed selectively by intrafusal muscle fibers (35) , and genetic studies have implicated spindle-derived GDNF signaling in the survival of gamma motor neurons (34, 35) . It remains to be determined whether GDNF signaling has an early role in the specification of gamma motor neuron identity, in addition to its later gamma survival-promoting activity. Nevertheless, the idea that peripherally derived GDNF directs the transcriptional specification of motor neuron subtype identity at embryonic stages has a precedent in the induction of ETS gene expression by motor pools (8, 27, 38) . Thus trophic factors such as GDNF may have sequential functions in the assignment of pool and intrapool transcriptional identities. More generally, the deployment of muscle spindle-derived inductive signals would seem to provide an effective means of superimposing intrapool identities on earlier pool-specific transcriptional programs.
In principle, the gamma/alpha distinction could have emerged as a function of differences in central sensory-motor connectivity. Gamma motor neurons are conspicuous by the absence of proprioceptive sensory contacts, even though their alpha pool siblings typically receive many sensory synapses. In this view, the absence of sensory input might be a precondition for gamma motor neuron differentiation. Two lines of evidence, however, argue against the idea that central sensory connectivity patterns instruct gamma/alpha motor neuron identity. First, in PV
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DTA mice, where all proprioceptive sensory-motor connections are eliminated, we do not detect an increase in the incidence of Err3 on gamma motor neurons within specific motor pools. Second, and more telling, analysis of the gamma/alpha status of neurons in the Cm motor pool of wild-type mice reveals both Err3 on gamma and NeuN on alpha motor neurons, despite the absence of proprioceptive sensory input (26, 36) . Thus the program of gamma motor neuron differentiation appears sensitive to peripheral muscle-derived factors but not to the vagaries of central sensory connectivity.
The restriction of Err3 expression to gamma motor neurons provides a molecular reference point for exploring the emergence of neuronal subtype diversity within individual motor pools. We note that anatomical studies suggest that fast and slow motor neurons within a pool exhibit functional distinctions before the point of target muscle innervation (39, 40) , raising the possibility that this aspect of intrapool diversification also has its origins in differential transcription factor expression.
Materials and Methods
Murine Genetics and Immunohistochemistry. PV Cre (41) , Isl2 DTA (42) , Hb9 NLSLacZ (29) mouse strains have been described previously and are maintained on a mixed genetic background (129/C57Bl6). Antibodies used in this study were as follows: mouse anti-Err3 (PPMX), mouse anti-NeuN (Chemicon), rabbit antitetramethylrhodamine (Invitrogen), rabbit anti-LacZ (20) , rabbit anti-Pea3 (8), rabbit anti-vAChT (Sigma), rabbit anti-ATF3 (Santa Cruz), guinea pig antivGlut1 (Chemicon), guinea pig anti-Isl1 (20) , and goat anti-ChAT (Chemicon).
Anatomical and Statistical Analysis. For motor neuron cell size measurements, the largest cross-sectional areas were determined using ImageJ (Version 1.42g, National Institutes of Health) and Neurolucida 8 (MicroBrightField Bioscience) software. Statistical analysis of cell sizes and intensity measurements are described in SI Materials and Methods.
